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ABSTRACT
A cylindrical-shaped microstrip structure with cloaking properties is presented
as a shielding device to reduce the mutual coupling between two patch antennas.
The surface is composed of a number of 2-port microstrip (2-PM) elements printed
on individual substrates and, to enclose a particular region, several 2-PM elements
are interconnected into a cylindrical shape. Each 2-PM element has the capability
of coupling an incident EM eld on the surface to the adjacent interconnected
elements. Then, because the 2-PM elements are connected into a cylindrical shape,
the incident EM eld is re-radiated from the other interconnected 2-PM elements
in a direction away from the transmitter, achieving a behavior similar to a cloak.
The prototypes in this dissertation illustrates that this surface has the additional
benet of overcoming many of the manufacturing diculties of traditional cloaks
because microstrip structures are used. To demonstrate this concept, a cylindrical
surface operating at 3.89 GHz and a frequency recongurable surface (consisting of 2-
port frequency recongurable microstrip elements (2-PFRM)) operating at 3.68 GHz
and 3.89 GHz is simulated in HFSS and then manufactured and measured in a full
anechoic chamber. Moreover, as an application, the cylindrical surface operating at
3.89 GHz is used to reduce the mutual coupling between two patch antennas operating
simultaneously at 3.89 GHz. The radiation pattern and the gain of a two-element
array was measured to demonstrate the negligible eects of a cylindrical surface on
the far eld antenna array parameters. Simulation and measurement results are in
good agreement and validate the proposed EM cloak-based surface for applications
iii
such as antenna array shielding, radar cross section (RCS) and communications in
complex wireless EM environments.
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CHAPTER 1. INTRODUCTION
1.1. Introduction to the Electromagnetic Cloak
Following the idea of water owing around a stone, an electromagnetic (EM)
cloak bends and guides incoming waves smoothly around a cloaked region, so that
the elds after having emerged from the cloak are the same as if the incident waves
had just passed through free space. To outside observers, it looks as if the cloaked
object was invisible [1],[2], as shown in Fig. 1. That is why, initially cloaking nds
its application to hide something from EM waves. Recently, research on EM cloaks
that control propagating waves has received considerable attention. This is because
there are many promising benets of using an EM cloak in the design of, for example,
radar systems and phased-array antennas.
Figure 1. Top view of a cloak.
Transformation-based cloaks (TBCs) were among the rst reported EM cloaks
[3] - [15] as shown in Fig. 2 and Fig. 3. These cloaks operated at a single frequency
and were described with rigorous mathematical computations. In addition to this
foundational work, a non-Euclidean broadband TBC was proposed in [16], and carpet
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cloaking was reported in [17] - [24]. Meanwhile, a TBC was proposed in [25] and was
based on the decoupling of the electric and magnetic elds at DC. This work was
then followed with experimental validation in [26] and [27]. Conversely, a plasmonic
cloak [28] - [31] and mantle cloak [32] - [35] were designed using homogeneous and
isotropic materials. These cloaks work on the principle of cancelling out the dominant
scattering terms in the multipole expansion of the scattered eld. The plasmonic
cloak was then experimentally demonstrated in a waveguide [36] and in free space
for all angles of excitation [37]. In summary, the demonstrations on cloaking have
been successful; however, anisotropy and manufacturing requirements are among the
drawbacks for implementing a TBC.
Figure 2. Principle of operation of transformation-based cloak [3].
Figure 3. Experimental verication of transformation-based cloak [15].
To address some of the manufacturing diculties with cloaking, transmission
line (TL) based cloaks (or microwave network-based cloaks) have been studied as
shown in Fig. 4. In TL-based cloaks, the incident wave on the structure passes
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through a particular TL network [38] - [39] printed on a substrate. Recently, a TL-
based cloak was reported in [40] and shown in Fig. 5. This cloak was investigated
in simulations only as a new technique to reduce the reection of an illuminated
wave on a long copper cylinder. Following this work, measurements related to this
cloak were then presented in [41]. Furthermore, parallel plate cloaking [42] - [44]
and active cloaking using layers of components [45] - [47] are other EM cloaking
techniques relating to TL-based cloaks. Overall, the research on TL-based cloaks has
been progressive; however, much of the designs still require extensive manufacturing
techniques and are focused only on long conducting cylinders. More research on
reducing the size of these TL-based cloaks for antenna applications would be useful,
as well as multi-band capabilities.
Figure 4. Principle of cloaking using transmission-line networks [39].
1.2. Application of Electromagnetic Cloaks in Antennas and Conducted
Research
An EM cloak can be use to shield devices, which improves antenna performance
in complex scattering and multiple-antenna environments. The applications of EM
cloaks to shield an antenna's radiation and input parameters from the surrounding
environment was proposed in [48] - [51]. Two dipole antennas of dierent sizes and
operating frequencies were used to shield from one-another, so two dierent cloaks
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operating at two dierent frequencies were required as shown in Fig. 6. Moreover,
these applications were investigated in simulation only.
Figure 5. Long conducting cylinder enclosed by the microwave-networks based cloak
[40].
Figure 6. Radiation conguration involving antennas A1, A2 and cloaks C1, C2; (a)A1
radiating at frequency f1 and (b) A2 radiating at frequency f2. Solid boundaries for
cloaks indicate perfect cloaking, whereas dashed boundaries signify that the cloak
parameters assume free-space [48].
In summary, the research on EM cloaks has been progressive. However, more
research on manufacturing techniques and reducing the size of these cloaks for
antenna applications are required. As much of the designs focused only on long
conducting cylinders and can not be use in antenna applications. Moreover, dual
frequency operation of a cloak (multi-band capabilities) is another feature of interest.
Thus, the objective of this dissertation is to present the surface shown in Fig. 7
4
(in simulation and measurement) that 1) overcomes many of the manufacturing
diculties with traditional cloaking surfaces; 2) can function at two dierent bands
(i.e., multi-band); 3) does not operate on the principle of cloaking a large conducting
cylinder, rather is small enough to be used in antenna applications; and 4) can
be use as a shielding device to reduce the mutual coupling between two antennas
operating simultaneously at the same frequency without aecting the far eld antenna
parameters (i.e., radiation pattern and gain etc.).
Grounded Substrate
Microstrip TL
Larger 
conducting
surface
Smaller
conducting
surface
PIN
diode
Port 1 Port 2
{
Interconnected 
2-PFRM Elements
Conducting Cylinder
{
{Cylindrical Surface
Figure 7. The proposed cylindrical surface.
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CHAPTER 2. A TWO-PORT FREQUENCY
RECONFIGURABLE MICROSTRIP ELEMENT FOR
CYLINDRICAL-SHAPE MICROSTRIP STRUCTURE
WITH CLOAKING PROPERTIES
The development of the frequency recongurable microstrip element shown in
Fig. 7 for thin conformal cloaking surfaces is presented in this chapter. Initially,
a recongurable microstrip element with a single-port is designed, simulated and
tested. This element is then extended to a two-port recongurable design using
the same simulation environment validated with measurements of the single-port
element. The frequency recongurable cloaking element can be manufactured with
simple microstrip printing techniques. It is shown that the two-port design is suitable
for cylindrically-shaped microstrip structure with cloaking properties.
Conformal
cloaking
surface
Cloaked
object
Incident EM Field
Cloaked object
Conformal
cloaking
surface
(a)      (b)
Recon!gurable
element
Microstrip TL
Microstrip
patch
PIN diode
Figure 8. (a) Top-view illustration of the conformal cloak and (b) side-view of the
recongurable microstrip cloak.
2.1. Theory and Design of the Recongurable Element
The key idea behind the EM cloak in this work is illustrated in Fig. 8(a).
The cloaking surface is used to channel incident EM energy around an object of
interest and re-radiate it in a direction dierent from the incident eld. This is
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done by developing the recongurable elements shown in Fig. 8(b). When an EM
eld is incident on the surface in Fig. 8(b), a current is induced on the microstrip
patch. Then, with proper matching between elements, the current will travel down
the interconnecting microstrip transmission lines (TLs) and re-radiate from other
elements.
To design each element of the cloak, the one-port microstrip structure shown in
Fig. 9(a) was modeled in ADS [52] and HFSS [53], manufactured and tested. Then,
the two-port structure shown in Fig. 9(c) was considered and modeled in HFSS. In
HFSS, ports 1 and 2 represent the interconnected elements and port 3 represents the
incident eld.
Figure 9. (a) Single-port element geometry and (b) manufactured prototype for
testing (L1 = 20 mm, L2 = 11 mm, L3 = 15 mm, w = 1.92 mm, s = 0.5 mm, t =
0.5 mm and the PIN diodes were manufactured by Skyworks [54] with part number:
SMP1322) and (c) two-port recongurable cloaking array element model in HFSS.
The one- and two-port networks will be considered from an S-parameters point
of view. Since the third port in Fig. 9(c) represents the incident eld, and a reection
is not desired at this port, the value of S33 should approach  1 dB or S33 !  1
dB. Then, to allow current to ow to other elements, S31 = S12 = S23 = 0 dB
and S11 = S22 !  1 dB. Furthermore, since the element is recongurable, these
conditions are to be met at both frequency bands.
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2.2. Simulation and Measurement Results
2.2.1. The single-port element
The recongurable single-port element was evaluated rst because it could be
measured and used to validate the simulation environment. The element in Fig. 9(a)
was designed on a grounded h = 1:901 mm thick TMM10I (r = 9:9; tan  = :002)
substrate [55] for switching frequencies of 3.6 GHz and 4.55 GHz in both ADS and
HFSS. The dimensions of the element are shown in the caption of Fig. 9 and the PIN
diodes were approximately modeled as printed conductors.
The length of the microstrip patch conductor can be determined by using
equation (2.1) from the wavelength of recongurable frequencies of interest [56].
L2 =
v0
2f
p
reff
  2L (2.1)
where
reff =
r + 1
2
+
r   1
2

1 + 12
h
L1
 1=2
(2.2)
and
L
h
= 0:412
(reff + 0:3)
 
L1
h
+ 0:264

(reff + 0:258)
 
L1
h
+ 0:8
 (2.3)
where v0 is the velocity of light in free space, f is the frequency of operation, L1 is
width of the microstrip patch conductor and L is the electrical increment in length
of the patch because of the fringing eects.
To verify the simulations, the manufactured element in Fig. 9(b) was measured
and the results are shown to agree in Fig. 10. Notice that in both cases, the element
resonates at two frequencies i.e., for the diodes o case, at 3.89 GHz and 4.62 GHz
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while for the diodes on case, at 3.68 GHz and 4.49 GHz. It will be shown in the next
section, that the condition where S33 !  1 dB is only satised in the switching
bands.
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−30
−25
−20
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HFSS
Measurement (Cu tape)
Measurement (Pin Diode)
2 2.5 3 3.5 4 4.5 5
−30
−25
−20
−15
−10
−5
0
frequency (GHz)
|S 1
1| (
dB
)
 
 
ADS
HFSS
Measurement (Cu tape)
Measurement (Pin Diode)
(a)
(b)
Figure 10. S11 for recongurable single-port element when Pin Diodes are (a)
OFF and (b) ON (Cu tape is modeled equivalent to pin diodes in simulations so
measurements using Cu tape are necessary to agree with simulations).
2.2.2. The two-port element
Next, the two-port element in Fig. 9(c) was simulated in HFSS, except for
this design a TL was added to the opposite side of the recongurable patch (for
symmetry) and a third-port was dened in the simulator to represent an incident
EM eld. The dimensions of the TLs were the same as the values in Fig. 9(b). The
HFSS simulations results are shown in Fig. 11. Again, the diodes were approximated
as printed conductors in HFSS [57]. The results in Fig. 11(a) show a low reection
at port 3 at the 3.68 GHz and 3.89 GHz bands and nothing at at 4.49 GHz and
4.62 GHz as was in case of single-port element, indicating a frequency recongurable
cloaking element. Furthermore, Fig. 11(b) shows that the coupling capability between
9
elements of the proposed design has been improved by  10 dB as compared to the
super thin cloaks presented in [40]; which shows an improvement in the element for
both bands.
2 2.5 3 3.5 4 4.5 5
−20
−15
−10
−5
0
frequency (GHz)
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2 2.5 3 3.5 4 4.5 5
−40
−30
−20
−10
0
frequency (GHz)
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1|/
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)
 
 
diodes o"
diodes on
(a)
(b)
Figure 11. (a) S33 and (b) S31=S32 for the three port recongurable cloaking array
element.
2.3. Discussion
The single-port results in Fig. 10 show dierent switching frequencies than the
results in Fig. 11. This is thought to be due to the extra TL added to the other side
of the recongurable patch in Fig. 9(c). Furthermore, a good match was achieved
with the single-port structure; however, the radiation properties of the patch may not
be signicant enough for cloaking surface.
In summary, a frequency recongurable element for a thin cylindrical-surface
with cloaking properties was investigated in this chapter. Initially, a single-port
microstrip structure with PIN diodes was designed and presented. Then, this
single-port element was used to develop a two-port element suitable for cloaking
on conformal surfaces. Overall, simulations were validated with measurements, and
10
it was shown that a recongurable microstrip element for cylindrical-shape surface
with cloaking properties could be designed.
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CHAPTER 3. A COMPACT FREQUENCY
RECONFIGURABLE CYLINDRICALLY-SHAPED
MICROSTRIP STRUCTURE WITH CLOAKING
PROPERTIES
A frequency recongurable cylindrical shaped surface with the characteristics
of an EM cloak is presented in this chapter. The surface is composed of a num-
ber of 2-port frequency recongurable microstrip (2-PFRM) elements printed on
individual substrates and, to enclose a particular region, several 2-PFRM elements
are interconnected into a cylindrical shape (as shown in Fig. 12). Each 2-PFRM
element has the capability of coupling an incident EM eld on the surface to
the adjacent interconnected elements. Then, because the 2-PFRM elements are
connected in to a cylindrical shape, the incident EM eld is re-radiated from the
other interconnected 2-PFRM elements in a direction away from the transmitter,
achieving a behavior similar to a cloak. Moreover, to demonstrate this concept, a
frequency recongurable surface operating at 3.68 GHz and 3.89 GHz is simulated in
HFSS, manufactured and measured in a full anechoic chamber. The prototype in this
chapter illustrates that this surface has the additional benet of overcoming many of
the manufacturing diculties of traditional cloaks because microstrip structures are
used. Simulation and measurement results are in good agreement and validate the
proposed EM cloak-based surface for applications such as antenna array shielding to
reduce mutual coupling, radar cross section reduction and communications in complex
electromagnetic environments.
3.1. Principle of Operation and Design
The frequency recongurable surface shown in Fig. 12 is presented and addresses
the cylindrical-shape microstrip structure with cloaking properties. This surface
consists of the 2-port frequency recongurable microstrip (2-PFRM) elements shown
12
in Fig. 12 (inset) interconnected in a cylindrical manner. The conductors are printed
on a grounded substrate with port 1 and port 2 on two sides connected together
with a printed microstrip TL. Each 2-PFRM element also has a larger conducting
surface connected to the TL and this surface is used to couple the incident EM wave
on the substrate surface to ports 1 and 2 at the higher recongurable frequency of
operation. Also connected to this larger surface are six (6) PIN diodes and a smaller
conducting surface. By biasing the PIN diodes simultaneously on each element, the
overall length of the conducting surface is enlarged, which then moves the operation
of the cylindrical surface to the lower recongurable frequency of operation.
Grounded Substrate
Microstrip TL
Larger 
conducting
surface
Smaller
conducting
surface
PIN
diode
Port 1 Port 2
{
Interconnected 
2-PFRM Elements
Conducting Cylinder
{
{Cylindrical Surface
Figure 12. Illustration of the cylindrical-shaped surface with interconnected 2-port
frequency recongurable microstrip (2-PFRM) elements and (inset) a zoomed in
drawing of each 2-PRFRM element.
3.2. The 2-PFRM Element
For illustration on the behavior of the 2-PFRM element, consider the drawing
in Fig. 13. This geometry was used to simulate each individual 2-PFRM element in
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HFSS. Also, to represent an incident EM eld (i.e., illuminating wave) on the surface
of the substrate, port 3 was dened (shown in green) [40] in addition to ports 1 and
2. This then allows a designer to directly compute the S-parameters of the three-port
network in HFSS and determine how well the incident eld is coupled from port 3 to
ports 1 and 2 in both frequency recongurable bands (i.e., by computing S13 and S23).
Finally, the length of the larger and smaller printed conductors can be determined
from the wavelength of recongurable frequencies of interest.
Grounded 
Substrate
Port 1 Port 2
Port 3 (surface in green)
is used in HFSS to provide 
an incident  wave on the 
recon!gurable element
x
y
z
Figure 13. Illustration of the 2-PFRM element being simulated in HFSS. The third
port is added to the design to represent an incident eld on the surface of the substrate.
Overall, in terms of S-parameters for the simulation set-up in Fig. 13, the
following properties are of interest: 1) S33 !  1 dB, indicating that minimal
reection is occurring at port 3 and hence not o of the element in the direction
back towards the source; 2) S13 = S23 = -3.0 dB which means that much of the
incident power on port 3 is coupled symmetrically to ports 1 and 2; and nally 3)
S11 = S22 ! -1 dB, indicating minimal reection of the power between adjacent
2-PFRM elements. Furthermore, these conditions are to be met for both frequency
recongurable bands of operation. After extensive HFSS simulations, the S-parameter
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results were determined for the two frequency recongurable values of f1 = 3.68
GHz and f2 = 3.89 GHz and were reported in [41]. The design shown in Fig. 14
was simulated on a Rogers TMM10I substrate ("r = 9.9 and tan  = 0.002) with a
thickness of 1.901 mm. In summary, jS33j was equal to -12 dB and -17.2 dB at 3.68
GHz and 3.89 GHz, respectively. Furthermore, jS31j was equal to -7.2 dB and -6.5
dB at 3.68 GHz and 3.89 GHz, respectively.
3.3. Simulation in HFSS of the Recongurable Cylindrical Surface and
Validation with Measurements
Next, ten (10) of the 2-PFRM elements presented in Fig. 14 were interconnected
in HFSS and simulated here on the same 1.901 mm thick TMM10I Rogers substrate
for the rst time. This then resulted in the new overall geometry presented in Fig.
12. However, instead of using PIN diodes and RF chokes, copper tape was put in
place to represent a biased diode and the copper tape was then removed to represent
an unbiased diode. It has been shown in [57] that copper tape is a fairly accurate
model for biased PIN diodes. The radius of the cylindrical surface was 7.9 cm, which
is 0.961 and 1.022 at 3.68 GHz and 3.89 GHz, respectively, and 1;2 = c=f1;2.
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L1 L3L3
w
ts
50 mm
3
2
m
m
(a)
L2
L1 L3L3
ts
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3
2
m
m
Cu Tape
Figure 14. The two port frequency recongurable element (a) without copper tape to
represent an unbiased PIN diode and (b) with copper tape to represent a biased PIN
diode (L1 = 20.0 mm, L2 = 11.0 mm, L3 = 15.0 mm, w = 1.92 mm, s = 0.5 mm, t
= 0.5 mm ).
To determine whether or not the recongurable cylindrical surface was reducing
the scattered wave in the direction back towards the transmitting antenna, the
15
problem shown in Fig. 15(a) was simulated in HFSS rst. This problem consisted
of two microstrip patches with center frequencies at f1 = 3.68 GHz separated by a
distance of 41. In other words, the separation between the microstrip antennas was
kept at four (4) wavelengths apart for both recongurable frequencies of operation.
This step was taken rst to establish the HFSS simulation environment. Next, for
validation, the microstrip patch antennas were manufactured, placed in a full-anechoic
chamber with the same orientation as the HFSS simulation (as shown in Fig. 15(b))
and the S-parameters were measured. The simulated results are shown to agree with
the S12 measurements in Fig. 16(a). These results indicate that the HFSS simulation
and measurement environment are similar and the scattering eects of a compact
conducting cylindrical surface can now be explored.
Next, a copper cylinder with a xed radius of 7.5 cm and a xed height of
3.2 cm was dened between the two patch antennas (as shown in Fig. 15(c)).
The cylinder was centered between the two patches and the S12 values were again
simulated in HFSS. For validation then a copper cylinder with the same dimensions
was manufactured and placed between the two patch antennas in the full anechoic
chamber (as shown in Fig. 15(d)). The measured S12 values from this experiment are
shown to agree with simulations in Fig. 16(b) for 3.68 GHz. Comparing the values
in Fig. 16(a) to Fig. 16(b) shows that jS12j is 11 dB lower with the cylinder in place;
which provides a metric for determining whether or not the recongurable cylindrical
surface has the behavior similar to a cloaking structure.
Then, the cylindrical surface with the 10 2-PFRM elements presented in Fig.
14 was simulated in HFSS (Fig. 15(e)), manufactured and tested in the full anechoic
chamber (Fig. 21(f)). These results are shown in Fig. 16(c) for 3.68 GHz.
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Figure 15. For i = 1, (a) HFSS simulation geometry of the two microstrip antennas
without the conducing cylinder and recongurable cylindrical surface at 3.68 GHz; (b)
measurement set-up of the two microstrip antennas without the conducing cylinder
and recongurable cylindrical surface at 3.68 GHz; (c) HFSS simulation geometry
of the two microstrip antennas with the conducing cylinder in the middle and no
recongurable cylindrical surface at 3.68 GHz; (d) measurement set-up of the two
microstrip antennas with the conducing cylinder in the middle and no recongurable
cylindrical surface at 3.68 GHz in the full anechoic chamber; (e) HFSS simulation
geometry with both the conducing cylinder and recongurable cylindrical surface
between the two microstrip patch antennas at 3.68 GHz and (f) measurement set-
up in the full anechoic chamber of the two microstrip antennas, and the conducing
cylinder and recongurable cylindrical surface prototype in the middle at 3.68 GHz.
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Figure 16. Measured and simulated S12 values for (a) the two 3.68 GHz patch antennas
without the conducting cylinder and recongurable cylinder in place (b) the two patch
antennas operating at 3.68 GHz and only the conducting cylinder in between the
elements to provide scattering and (c) the two patch antennas with the conducting
cylinder surrounded by the recongurable cylindrical surface at 3.68 GHz.
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Finally, to illustrate the recongurability of the cylindrical surface, a second
prototype was manufactured with the copper connections representing the PIN diodes
removed. This then recongures the surface to operate at 3.89 GHz. The exact same
procedure for simulating and measuring the surface at 3.68 GHz was repeated here
for 3.89 GHz except 1) i = 2 (i = 2) to keep the same electrical spacing between
the patch antennas at both recongurable frequencies, as shown in Fig. 17(a); 2)
the spacing between the copper cylinder and the patch antennas was changed to 7.9
cm as shown in Fig. 17(c); and 3) the spacing between the patch antennas and the
recongurable cylindrical surface was changed from 8.2 cm to 7.3 cm as shown in Fig.
17(e). The results from these simulations and measurements are shown in Fig. 18(a)
- (c).
3.4. Discussion
The results in Figs. 16 and 18 show that the jS12j values between the patch
antennas without the conducting cylinder in place are measured (simulated) to be
-30.5 dB (-30.3 dB) and -30.5 dB (-30.8 dB) at 3.68 GHz and 3.89 GHz, respectively.
Then, with the conducting cylinder in place between the patches, the jS12j values
were measured (simulated) to be -40.0 dB (-40.6 dB) and -40.5 dB (-41.0 dB) at 3.68
GHz and 3.89 GHz, respectively. Next, when the frequency recongurable cylindrical
surface was placed around the conducting cylinder, the measured (simulated) jS12j
values were determined to be -31.8 dB (-32.5 dB) and -31.7 dB (-31.8 dB) at 3.68
GHz and 3.89 GHz, respectively. This illustrates that the cylindrical surface is
demonstrating a behavior similar to a cloak because the jS12j values of the patch
antennas with the cylinder and recongurable cylindrical surface are within 1.3 dB of
the jS12j values of the patch antennas without the conducting cylinder in place (i.e.,
without a surface to cause a reection between the patch antennas).
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Figure 17. (a) HFSS simulation geometry of the two microstrip antennas without
the conducing cylinder and recongurable cylindrical surface at 3.89 GHz; (b)
measurement set-up of the two microstrip antennas without the conducing cylinder
and cylindrical surface at 3.89 GHz in the full anechoic chamber; (c) HFSS simulation
geometry of the two microstrip antennas with the conducing cylinder in the middle
and no recongurable cylindrical surface at 3.89 GHz; (d) measurement set-up of the
two microstrip antennas with the conducing cylinder in the middle and no cylindrical
surface at 3.89 GHz in the full anechoic chamber; (e) HFSS simulation geometry
with both the conducing cylinder and recongurable cylindrical surface between the
two microstrip patch antennas at 3.89 GHz and (f) measurement set-up in the full
anechoic chamber of the two microstrip antennas, and the conducing cylinder and
recongurable cylindrical surface prototype in the middle at 3.89 GHz.
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Figure 18. Measured and simulated S12 values for (a) the two 3.89 GHz patch antennas
without the conducting cylinder and recongurable cylinder in place (b) the two patch
antennas operating at 3.89 GHz and only the conducting cylinder in between the
elements to provide scattering and (c) the two patch antennas with the conducting
cylinder surrounded by the recongurable cylindrical surface at 3.89 GHz.
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In summary, it was shown that the surface presented here is capable of reducing
the scattering from a conducting cylinder in both frequency recongurable bands and
achieving jS12j values within 1.3 dB of the values without the conducting cylinder in
place.
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CHAPTER 4. MUTUAL COUPLING REDUCTION
BETWEEN TWO PATCH ANTENNAS USING
CYLINDRICALLY-SHAPED MICROSTRIP STRUCTURE
WITH CLOAKING PROPERTIES
A cylindrical-shaped microstrip surface with cloaking properties is presented
as a shielding device to reduce the mutual coupling between two patch antennas.
For the rst step, the cylindrical-shaped surface in Fig. 12 operating at 3.89 GHz
was simulated in HFSS and measured in an anechoic chamber to demonstrate the
characteristics of an electromagnetic (EM) cloak. The surface comprises of a number
of 2-port microstrip (2-PM) elements interconnected into a cylindrical shape to enclose
a particular region. Each 2-PM element has the capability of coupling an incident EM
led on the surface and transmit to the adjacent interconnected element. In this way,
as the 2-PM elements are connected in to a cylindrical shape, the incident EM eld is
re-radiated from the other interconnected 2-PM elements in a direction away from the
transmitter; achieving a behavior similar to an EM cloak. Then, the second step is to
use the cylindrical-shape microstrip cloaking surface as a shield to reduce the mutual
coupling between the two patch antennas. Overall, simulation and measurement
results are in good agreement with each other and validate the application of the
proposed EM cloak-based surface for antenna array shielding to reduce the mutual
coupling by 6 dB. The phenomenon can be used to improve antenna performance
in multiple-antenna environments, antenna array shielding and radar cross section
reduction.
4.1. Principle of Operation and Design
A compact cylindrical surface exhibiting the cloaking properties is presented as
a shielding device to an enclosed antenna from the other placed outside of the surface
as illustrated in Fig. 19. The cylindrical surface consists of the 2-port microstrip
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(2-PM) elements shown in Fig. 19 interconnected in a cylindrical manner. Each 2-
PM element has a conducting patch connected to the printed microstrip TL as shown
in Fig. 20(a). Port 1 and port 2 are on opposite sides connected together with a
TL. The conductors are printed on a grounded substrate. The conducting patch is
used to couple the incident EM wave on the substrate surface to ports 1 and 2 at
the operating frequency via the connected TL. While EM surface waves radiating
from the outer antenna are illuminated on the cylindrical-surface, 2-PM elements will
guide them around the enclosed antenna to re-radiate away from the outer antenna.
In this way the cylindrical surface is used to reduce the mutual coupling between the
two antennas radiating at the same time and frequency.
{
Interconnected 
2-PM Elements
{
Outer Antenna
{Cylindrical Surface
Enclosed Antenna
Figure 19. Illustration of the cylindrical-shaped surface with interconnected 2-port
microstrip (2-PM) elements cloaked an antenna from the other, both antennas are
operating simultaneously at same frequency.
4.2. The 2-port Microstrip Element
The geometry of the 2-PM element shown in Fig. 20(a) was used to simulate
each individual 2-PM element in HFSS [53]. Fig. 20(b) shows a drawing of the
simulation setup in HFSS. Port 3 (shown in green) was dened as the wave-port to
excite the 2-PM element in addition to ports 1 and 2 [40]. The setup is helpful to
directly compute the S-parameters of the three-port microwave network in HFSS.
Also, this allows the designer to determine how well the illuminated eld is coupled
from port 3 to ports 1 and 2 (i.e., by computing S13 and S23) at the frequency of
operation. Again, the 2-PM element simulated in HFSS is required to exhibit the
following S-parameters (in order to be use in a cloaking surface) at the operating
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frequency: 1) S33 !  1 dB, indicating minimum reection at port 3 and allowing
maximum power transfer to the surface of the 2-PM element; 2) S31 = S32 =  3:0 dB,
indicating much of the incident power on port 3 is coupled symmetrically to port 1
and 2; and 3) S11 = S22 !  1 dB, which shows the minimum reection of the power
(and thus maximum power ow) between adjacent 2-PM elements. The required S-
parameter results were attained in HFSS simulations at 3.89 GHz and were reported
in [41]. The design shown in Fig. 20(a) was simulated on a Rogers [55] TMM10I
substrate ("r = 9.9 and tan  = 0.002) with a thickness of 1.901 mm. In summary,
jS33j was equal to -17.2 and jS31j was equal to  6:5 dB at 3.89 GHz.
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Figure 20. Geometry and simulation setup of the 2-port microstrip element in HFSS
(a) The two port element (L1 = 2.0 cm, L2 = 1.1 cm, L3 = 1.5 cm, w = 0.192 cm) (b)
Illustration of the 2-PM element being simulated in HFSS. The third port is added
to the design to represent an incident eld on the surface of the substrate.
4.3. Simulation in HFSS of the Cylindrical Surface and Validation with
Measurements
As with the recongurable surface, ten (10) of the 2-PM elements presented in
Fig. 20(a) were interconnected in HFSS and simulated on the same 1.901 mm thick
TMM10I Rogers substrate for the rst time. This then resulted in the cylindrical
surface presented in Fig. 19. The radius of the cylindrical surface was 7.9 cm, which
is 1.02 at 3.89 GHz, where  = c=f .
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In order to determine the functionality of the designed cylindrical surface,
(i.e., whether or not it is supportive to minimize the reection of illuminated EM
eld on the surface and direct them to the other side) the problem shown in Fig.
21(a) was simulated in HFSS rst. Two microstrip patch antennas, designed at
a center frequency of 3.89 GHz were separated by 4 wavelengths (4). This step
was taken to establish the HFSS simulation environment. Next, for validation, the
microstrip patch antennas were manufactured, placed in a full-anechoic chamber with
the same orientation as the HFSS simulation (as shown in Fig. 21(b)) and the S-
parameters were measured. The simulation and measurement results of jS12j or jS21j
are shown in Fig. 22(a) and are in good agreement, which validates the simulation
and measurement setups.
Next, to explore the scattering eects of a compact conducting cylindrical
surface a copper cylinder of radius 7.5 cm and height 3.2 cm was dened between
the two patch antennas in the HFSS simulation, as shown in Fig. 21(c). To validate,
a copper cylinder with the same dimensions was manufactured and placed between
the two patch antennas in a full anechoic chamber, as shown in Fig. 21(d). The
copper cylinder was centered and the jS12j or jS21j values were taken and are shown
in 22(b). The measured and simulated values are in good agreement and are 11 dB
lower than the results in Fig. 22(a) at the operating frequency; providing a metric
for determining whether or not the cylindrical surface has a behavior similar to a
cloaking surface.
Finally, the copper cylinder was enclosed by the cylindrical surface consisting
of the 10 2-PM elements in HFSS (Fig. 21(e)) and measured in the full anechoic
chamber (Fig. 21(f)) to analyze the behavior of the designed cylindrical surface.
Simulation and measurement results are shown in 22(c).
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Figure 21. (a) HFSS simulation geometry of the two microstrip antennas without the
conducing cylinder and cylindrical surface at 3.89 GHz; (b) measurement set-up of
the two microstrip antennas without the conducing cylinder and cylindrical surface
at 3.89 GHz; (c) HFSS simulation geometry of the two microstrip antennas with
the conducing cylinder in the middle and no cylindrical surface at 3.89 GHz; (d)
measurement set-up of the two microstrip antennas with the conducing cylinder in
the middle and no cylindrical surface at 3.89 GHz in the full anechoic chamber; (e)
HFSS simulation geometry with both the conducing cylinder and cylindrical surface
between the two microstrip patch antennas at 3.89 GHz and (f) measurement set-
up in the full anechoic chamber of the two microstrip antennas, and the conducing
cylinder and cylindrical surface prototype in the middle at 3.89 GHz.
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Figure 22. Measured and simulated S12 values for (a) the two 3.89 GHz patch antennas
without the conducting cylinder and recongurable cylinder in place (b) the two patch
antennas operating at 3.89 GHz and only the conducting cylinder in between the
elements to provide scattering and (c) the two patch antennas with the conducting
cylinder surrounded by the recongurable cylindrical surface at 3.89 GHz.
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The results in Fig. 22 shows that the jS12j values of the patch antennas without
the copper cylinder and cylindrical surface in place were simulated and measured
to be  30:8 dB and  30:5 dB, respectively. While with the copper cylinder in
place between the patch antennas, the jS12j values were simulated and measured
to be  41:0 dB and  40:5 dB, respectively. Then, when the copper cylinder was
surrounded by the cylindrical surface the jS12j values were simulated and measured
to be  31:8 dB and  31:7dB, respectively. The dierence between the values of jS12j
with and without the copper cylinder surrounded by cylindrical surface are within
1:3 dB. Thus means, that with the presence of the cylindrical surface between the
two antennas there is negligible reection. This illustrates that the cylindrical surface
is demonstrating a behavior similar to a cloak.
4.4. Mutual Coupling Reduction between Two Neighboring Patch Anten-
nas by using the Cylindrical Surface
The prototype cylindrical surface was used next to reduce the mutual coupling
between two antennas. One of the antennas was surrounded by the cylindrical surface
to shield from the EM waves of another antenna. This then resulted in the overall
geometry presented in Fig. 19. Two microstrip patch antennas, each radiating at 3.89
GHz, were placed side by side and simulated to obtain the S-parameters in HFSS as
shown in Fig. 23(a).
Next, for validation, two of the microstrip patch antennas shown in Fig. 23(a)
were printed on a grounded 1.52 mm thick TMM4 Rogers ("r = 4.7 and tan  = 0.002)
substrate [55]. Then, the microstrip patch antennas were placed in a full-anechoic
chamber with the same orientation as the HFSS simulation, as shown in Fig. 23(b),
and the S-parameters were measured. Next the cylindrical surface was placed around
the antenna fed at port 1 (i.e. on the right), and simulated in HFSS (as shown in
Fig. 24(a)). For validation then, one of the patch antennas shown in Fig. 23(b) was
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enclosed by the cylindrical surface in the full anechoic chamber (as shown in Fig.
24(b)) and the S-parameters were measured.
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Figure 23. (a) HFSS simulation geometry of the two microstrip antennas radiating at
3.89 GHz; (b) measurement set-up of the two microstrip antennas radiating at 3.89
GHz in a full anechoic chamber.
The results in Fig. 25 shows that the jS12j values between the two microstrip
patch antennas without the cylindrical surface in place are simulated and measured
to be  35:3 dB and  35:5 dB, respectively. Then, when the antenna driven with
port 1 was shielded by the cylindrical surface, the simulated and measured jS12j
values were reduced to  42 dB and  41:5 dB, respectively. This illustrates that the
cylindrical surface is demonstrating a behavior similar to a cloaking-surface because
the dierence between the jS12j values of the microstrip patch antennas with and
without the cylindrical surface is more than 6 dB. The cylindrical surface guides the
incident EM waves to shield the enclosed antenna.
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Figure 24. (a) HFSS simulation geometry of shielding an antenna surrounded by
cylindrical surface from the EM waves of another antenna, both antennas are radiating
at the operating frequency of the cylindrical surface i.e., 3.89 GHz (b) measurement
set-up in the full anechoic chamber of shielding an antenna surrounded by the
cylindrical surface from the EM waves of another antenna, both antennas are radiating
at the operating frequency of the cylindrical surface i.e., 3.89 GHz.
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Figure 25. Measured and simulated S12 of the shielding cylindrical surface for the
two microstrip patch antennas.
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Next, the same microstrip patch antennas considered vertically in Fig. 23
were placed horizontally in a full anechoic chamber and jS12j was measured. The
measurement is shown in Fig. 26(a). To validate the reduction in mutual coupling
for horizontally placed antenna arrays, the antenna driven by port 1 (antenna on
right in Fig. 26(a)) was surrounded by the cylindrical surface and the jS12j values
were measured (as shown in Fig. 26(b)).
The results in Fig. 27 show that the jS12j values between the two horizontally
placed microstrip patch antennas without the cylindrical surface in place are measured
to be  36:3 dB. Then, when the antenna fed with port 1 was shielded by the
cylindrical surface, the measured jS12j values were reduced to 44:6 dB. The dierence
between the jS12j values of the horizontally placed microstrip patch antennas with
and without the cylindrical surface are more than 8 dB. The shielding of horizontally
placed antennas also validates the cylindrical surface similar to a cloaking-surface.
4.5. The Eect Of The Cylindrical Surface On The Radiation Pattern And
Gain Of A 2-Element Array In Scattering Environments
To analyze the eects of a cylindrical surface on the radiation pattern of a two-
antenna array, the gain of the 2-antennas with and without the cylindrical surface was
measured. The antennas of dimensions shown in Fig. 23 and radiating at 3.89 GHz
were used for the gain measurements. For the rst step, antenna-1 was driven while
antenna-2 was terminated with a matched load, as shown in Fig. 28(a), and the gain
was measured. Then antenna-1 was surrounded by the cylindrical surface, as shown
in Fig. 28(b), and the gain was measured. For the second step, to validate the eect
of the cylindrical surface on the gain of the two antennas, antenna-2 was driven when
antenna-1 was terminated with a matched load, as shown in Fig. 28(a), and the gain
was measured. Then antenna-1 was surrounded by the cylindrical surface, as shown
in Fig. 28(b) and the gain was measured. The resultant gains for all measurements
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are shown in Table 1. Table 1 illustrates that the presence of the cylindrical surface
has almost no eect on the gain of antenna-2.
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Figure 26. (a) Two horizontally placed microstrip patch antennas in a full anechoic
chamber (b) One microstrip patch antenna surrounded by cylindrical surface in a full
anechoic chamber .
Next the two antennas radiating at the frequency of 3.89 GHz were connected
to a power splitter [58] to make a two-element array, as shown in Fig. 29(a), and
the radiation pattern was measured in the full anechoic chamber. Next, one of the
antennas (antenna-1) was enclosed in the cylindrical surface as shown in Fig. 29(b)
and again, the radiation pattern for the two-element array was measured in the full
anechoic chamber.
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Figure 27. Measured S12 of the shielding cylindrical surface for the two horizontally
placed microstrip patch antennas.
Antenna 2
Antenna 1
(b)
Cylindrical 
Surface
Antenna 2
Antenna 1
(a)
Figure 28. Gain measurement of the two microstrip patch antennas in a full anechoic
chamber when antenna 1 is driven and antenna 2 is terminated with the match load
(a) without cylindrical surface (b) antenna 1 is surrounded by cylindrical surface.
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Table 1. Gain of at antenna array.
Antenna 1 is driven Antenna 2 is driven
Without
Cylindrical
Surface
With
Cylindrical
Surface
Without
Cylindrical
Surface
With
Cylindrical
Surface
Gain (dB) 6.9 3.1 6.9 6.8
Antenna 2 Antenna 1
(b)
Cylindrical 
Surface
Antenna 2 Antenna 1
(a)
Power Splitter
Power Splitter
Figure 29. Pattern measurement of a two-antenna array in a full anechoic chamber
(a) two-antenna array (b) One antenna is surrounded by cylindrical surface.
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The polar plot and the rectangular plot for the array with and without the
cylindrical surface are shown in Fig. 30 and Fig. 31 respectively, and are in good
agreement, which shows that the cylindrical surface has negligible eects on the
radiation pattern. Moreover, the gain of the two-element array with and without
the cylindrical surface was measured to be 5.8 dB and 5.7 dB respectively. These
results illustrate that the cylindrical surface has negligible eects on the far-eld
parameters of a two-element array and validates the functionality of the cylindrical
surface.
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Figure 30. Polar plot of a two-antenna array with and without the cylindrical surface.
4.6. Discussion
The jS12j results presented in Fig. 25 and Fig. 27 show that the cylindrical
surface has the capability to shield one antenna from the EM waves of the other by
channeling the EM waves and thus reduce the mutual coupling between them. The
results in Table 1 and Fig. 30 show that the presence of the cylindrical surface has
no eect on the far eld parameters, (i.e., gain and radiation pattern of an antenna
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array). Thus demonstrates the application of a cylindrical surface with cloaking
properties to an antenna array system.
In summary, it was shown that the designed cylindrical surface with cloaking
properties can reduce the mutual coupling between two antennas more than 6 dB and
has almost no eect on the radiation pattern and the gain of a two-element array.
Thus, the cylindrical surface is capable of being use in antenna array applications.
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Figure 31. Rectangular plot of a two-antenna array with and without the cylindrical
surface.
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CHAPTER 5. CONCLUSION
In this work, a cylindrical surface exhibiting the properties of transformation-
based and transmission-line based cloaks was used to shield an antenna array.
Initially, a single-port frequency recongurable microstrip structure was designed and
presented. Then, this single-port element was used to develop a two-port frequency
recongurable element. The two-port frequency recongurable element has a larger
and smaller conducting patch that loads a printed transmission line connecting
ports 1 and 2. The frequency recongurable cylindrical-shape surface consisted
of 10 interconnected two-port frequency recongurable elements. The simulation
environment was described and a prototype was manufactured for validation. It
was shown that the cylindrical surface is capable of reducing the scattering from a
conducting cylinder in both frequency recongurable bands and achieving jS12j values
within 1.3 dB of the values without the conducting cylinder in place.
To reduce the mutual coupling between two antennas radiating at 3.89 GHz, a
cylindrical surface exhibiting the properties of an EM cloak at 3.89 GHz was designed
next. The surface consisted of 10 interconnected two-port microstrip elements each
with a conducting surface that loads a printed transmission line connecting ports
1 and 2. The capability of the cylindrical surface to reduce the scattering from
a conducting cylinder was validated rst in simulation and then by measurement.
Then, the cylindrical surface was used to reduce the mutual coupling between two
antennas, by surrounding one of them with the cylindrical surface. It was shown that
the cylindrical surface can reduce the mutual coupling more than 6 dB and can be
use as a shielding device for antenna arrays. Furthermore, it was shown that the
cylindrical surface has a negligible eect on the far-eld antenna array parameters by
measuring the radiation pattern and gain of the two-element array.
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Overall, simulations were validated with measurements and it was shown that
1) a cylindrical-shape surface with cloaking properties and minimal manufacturing
diculties as compared to traditional cloaking surfaces could be developed by using
printed microstrip structures; 2) a frequency recongurable cylindrical surface with
cloaking properties could be designed; 3) the cylindrical surface is compact enough to
use for antenna applications instead of cloaking a traditional long conducting cylinder;
and 4) the designed cylindrical surface was capable of being used in antenna array
applications.
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